Amino acid transport by Rhizobium leguminosarum is dominated by two ABC transporters, the general amino acid permease (Aap) and the branched-chain amino acid permease (Bra). However, mutation of these transporters does not prevent this organism from utilizing alanine for growth. An R. leguminosarum permease (MctP) has been identified which is required for optimal growth on alanine as a sole carbon and nitrogen source. Characterization of MctP confirmed that it transports alanine (K m ‫؍‬ 0.56 mM) and other monocarboxylates such as lactate and pyruvate (K m ‫؍‬ 4.4 and 3.8 M, respectively). Uptake inhibition studies indicate that propionate, butyrate, ␣-hydroxybutyrate, and acetate are also transported by MctP, with the apparent affinity for solutes demonstrating a preference for C 3 -monocarboxylates. MctP has significant sequence similarity to members of the sodium/solute symporter family. However, sequence comparisons suggest that it is the first characterized permease of a new subfamily of transporters. While transport via MctP was inhibited by CCCP, it was not apparently affected by the concentration of sodium. In contrast, glutamate uptake in R. leguminosarum by the Escherichia coli GltS system did require sodium, which suggests that MctP may be proton coupled. Uncharacterized members of this new subfamily have been identified in a broad taxonomic range of species, including proteobacteria of the ␤-subdivision, gram-positive bacteria, and archaea. A two-component sensor-regulator (MctSR), encoded by genes adjacent to mctP, is required for activation of mctP expression.
Rhizobium leguminosarum is a member of a group of ␣-subdivision of the proteobacteria (the rhizobia), which form a species-specific symbiotic relationship with leguminous plants in order to fix atmospheric nitrogen. The plant supplies the bacteroid (symbiotic bacteria) with a carbon source (C 4 -dicarboxylic acid), while the plant receives reduced nitrogen from the bacteroid. Other rhizobia include Rhizobium, Mesorhizobium, Sinorhizobium, Bradyrhizobium, and Azorhizobium species (8, 33, 53) . Prior to establishing a Rhizobium-legume symbiosis, bacteria must thrive in the soil environment, competing with many organisms for nutrients. Transporters of key nutrients, such as amino acids, may give a competitive advantage to rhizobia, allowing them to better colonize roots. This may account for the large number of transporters that have been revealed by the completed genome sequences of Sinorhizobium meliloti, Mesorhizobium loti, and Agrobacterium tumefaciens (13, 26, 59) .
Amino acid transport by R. leguminosarum is dominated by two permeases of the ABC transporter superfamily, the general amino acid permease (Aap) and the branched-chain amino acid permease (Bra). Aap and Bra are members of the polar amino acid transporter (transport classification [T.C.] number 3.A.1.3) and hydrophobic amino acid transporter (T.C. number 3.A.1.4) families, respectively (21, 44) . However, both are atypical as they transport a broad range of amino acids (19, 56) . Indeed, Bra has the broadest specificity of any characterized amino acid transporter in bacteria. Bra has a high affinity for L-alanine, L-leucine, L-histidine, and ␥-aminobutyric acid (K m between 78 and 288 nM) and a lower affinity for L-glutamate (56 M) . D-␣-Amino acids inhibit uptake of Bra solutes, indicating they are also transported by this permease. Conversely, Aap is specific for L-␣-amino acids, with high affinity for L-glutamate, L-alanine, L-leucine, and L-histidine (K m between 200 nM and 515 nM) (19) . Both Aap and Bra are required for optimal growth of free-living R. leguminosarum on a range of amino acids as a sole source of carbon and nitrogen. In fact, double aap bra mutants cannot utilize glutamate, glutamine, asparagine, proline, arginine, or ␥-aminobutyrate (19) . However, growth on alanine and histidine is unaffected by the loss of these transporters. Therefore, although alanine and histidine are transported by Aap and Bra, R. leguminosarum has other transporters of these amino acids.
The importance of alanine metabolism in R. leguminosarum has been highlighted by the demonstration that alanine can comprise as much as 26% of the total nitrogen secreted by bacteroids isolated from pea nodules (1) . In the case of soybean bacteroids, it has been reported that alanine is the sole secretion product of nitrogen fixation (58) , although this has been challenged (30) . Nevertheless, these findings have questioned the established view that ammonium is the sole secretion product of N 2 fixation from the bacteroid. However, it remains to be established how alanine produced by N 2 fixation is secreted from the bacteroid and made available to the plant.
We report here the identification of a novel R. leguminosarum permease (MctP), which is required for optimal growth on alanine as a sole carbon and nitrogen source. Characterization of MctP confirmed that it transports alanine and other monocarboxylates such as pyruvate and lactate. However, it is distinct from characterized transporters of monocarboxylates, such as members of the lactate permease family (LctP) (T.C. number 2.A.14) and the proton-linked monocarboxylate porter family (T.C. number 2.A.1.13) (14, 44) . Although MctP has significant sequence similarity to members of the sodium/solute symporter family (T.C. number 2.A.21) (42, 44) , sequence comparisons indicate it is the first characterized permease of a new subfamily of bacterial transporters, with representatives present in gram-negative and gram-positive bacteria and archaea. A two-component sensor-regulator (MctSR), encoded by genes adjacent to mctP, is required for mctP expression.
MATERIALS AND METHODS
Bacterial strains, plasmids, oligonucleotides, and culture conditions. The bacterial strains and plasmids used in this study are detailed in Table 1 . R. leguminosarum strains were grown at 28°C on either tryptone yeast extract (TY) (5), acid minimal salts medium (AMS), or acid minimal salts agar (AMA) (36) . The following carbon and nitrogen sources were added to minimal media at the indicated concentrations; 10 mM D-glucose, 10 mM succinate, 20 mM pyruvate, 10 mM ammonium chloride, and 20 mM alanine. The following antibiotics were used at the indicated concentrations (micrograms milliliter Ϫ1 ); streptomycin, 500; kanamycin, 40; tetracycline, 2 (in AMS) and 5 (in TY); gentamicin, 20; and spectinomycin, 100.
Oligonucleotide primers used in this study were as follows: P69, GAGAGAG  AACTAGTGGAGGAAGAAAAAATGAGTAAAGGAGAAGAAC;  P237,  TCACATGCGTTACATCAGCTTCCG; P238, CGCCCTGATCTCTCTCCAG  CTTATG; P266, TGTAGAGCTCATCCATGCCATG; P285 TGCAAAATAA  TCTTCCTCGTGCGG; P316, GGGGACCACTTTGTACAAGAAAGCTGGG  TCTTGGCGCGTTTCCACAGCA; P317, GGGGACAAGTTTGTACAAAAA  AGCAGGCTCGGCAGGAGCAACAAGGAGA; P340, AAGCTTCGCCCTG  ATCTCTCTCCAGCTTATG; P341, TTCGAACGGCAGGAGCAACAAGGA  GA; P342, AAGAGACGGCTCGCGGACATTGTAA; P343, TGGGCGGAG  AAGCAGGATCA; P344, TGGAGGCACTCTGCTATCATTTTGC; P345,  TCTCCAGTCCCGTTTGGGCA; P353, CGGAAAAGGTTGGGAAAATGA  AAAATATAAAATTCAG; P354, CGGAAAAGGTTGGGAAAATGTTTCA  TCTCGATACTTTAG; P355, CTGAATTTTATATTTTTCATTTTCCCAACC  TTTTCCG; P356, CTAAAGTATCGAGATGAAACATTTTCCCAACCTTTT  CCG; P357, CGCGCGTCCCGTAAGTGTAT; P358, TCCCCGGCAATCTTC  AATTATT; and P359, AATTATGAATCAATACGCAGGCTTG. Genetic modification of bacterial strains. All DNA and genetic analyses and Tn5 mutagenesis were carried out as described previously (57) . Transduction was carried out using the lytic phage RL38 as previously described (7) . The sequenced region of the R. leguminosarum genome that includes the mctPSR is shown in Fig. 1 , with a representation of fragments located on the plasmids used in this study and the sites of transposon insertion in mutant strains. Plasmids were conjugated into R. leguminosarum as described previously (36) .
To obtain mutants in mctSR and mctP, plasmid pRU890 (Table 1) was mutated in vitro by GeneJumper transposon (Km r ) insertion as described by the manufacturer (Invitrogen Life Technologies). Chromosomal insertion mutants were constructed by conjugating the mutated plasmids into R. leguminosarum 3841 and selecting for Gm s Km r homogenates on TY containing 10% sucrose. All mutants were confirmed by Southern blotting.
Construction of aapJ promoter-gltS/gltP fusion plasmids. In order to ensure that E. coli gltS and gltP were expressed in R. leguminosarum, the gltS and gltP genes were fused to the R. leguminosarum aapJ promoter region by two PCRs using overlapping primers (18) . The intergenic region between aapJ and the upstream metC gene (accession number X82596) was first amplified using primer P357 (which has identity to the metC region) and either primer P355 or P356, which have identity to the region immediately upstream of aapJ and a 5Ј extension with identity to the N-terminal coding region of E. coli gltP or gltS, respectively. Similarly, gltP and gltS were amplified using primers specific to sequence downstream of gltP or gltS (P358 and P359, respectively) and primers specific to the N terminus coding region of gltP or gltS and the region immediately upstream of aapJ (P353 and P354, respectively). The PCR products from these reactions were purified by gel extraction (QIAquick gel extraction kit; QIAGEN Ltd.), mixed (i.e., P357-P355 product with P353-P358 product or P357-P356 product with P354-P359 product), and used as template for a second round of PCR. The second PCRs used primers specific for the aapJ-metC intergenic region and a sequence downstream of gltP or gltS (i.e., P357 with P358 for aapJ promoter-gltP fusion and P357 with P359 for aapJ promoter-gltS fusion). The resulting PCR products were cloned by TOPO reaction into pCR2.1 TOPO (Invitrogen Life Technologies), and fusion junctions were confirmed by sequencing, before subcloning into the broad-host-range vector pJP2, using the XbaI and HindIII sites located on the multicloning site of these two vectors. Thus, the resulting plasmids, pRU976 and pRU986, contain aapJ promoter-gltP and aapJ promoter-gltS fusions, respectively.
Construction and detection of the mctP promoter reporter plasmid. The promoter reporter plasmids used were derived from the pOT family of vectors described previously (2) . Another plasmid in this family, pOT2gfpϩ, has been constructed as part of a separate project, and full details will be described elsewhere. Essentially, the gfp ϩ gene was amplified from pMN402 using primers P69 and P266 and cloned into pCR2.1 TOPO. A SpeI/XhoI fragment from this was used to replace the same fragment in pOT2, creating pOT2gfpϩ. gfp ϩ has been compared directly against lacZ as a reporter gene and shown to give almost identical results (47) . Plasmids pOT2 and pOT2gfpϩ were modified for Gateway technology by cloning the Gateway vector conversion cassette (reading frame A; Invitrogen Life Technologies) into the two SmaI sites in the multicloning site to create pOT3gfpuv and pOT3gfpϩ. The orientation of the Gateway cassette was confirmed by DNA sequencing.
The mctR-mctP intergenic region, which contains a putative mctP promoter, was amplified by PCR using primers P316 and P317. To create a Gateway entry clone (pRU917), the resulting PCR product was cloned into pDONR201 by using the Invitrogen Life Technologies BP cloning mixture (Int and IHF). The mctP promoter reporter plasmids (pRU922 and pRU923) were formed from pRU917 and either pOT3gfpuv or pOT3gfpϩ by using the Invitrogen Life Technologies LR cloning mixture (Int, IHF, and Xis).
Gfp ϩ expression in bacterial cultures was quantified in microtiter plates with a GENios plate reader (Tecan), using a 485-nm-wavelength excitation filter and a 510-nm-wavelength emission filter. Cell optical density was measured at 595 nm. The data are expressed as relative fluorescence (fluorescence emission at 510 nm/optical density at 595 nm).
Transport assays. R. leguminosarum uptake assays were performed by the rapid filtration method as previously described (35) . Uptake assays were performed with a final concentration of 500
Competing solutes were added to a final concentration of 5 mM for inhibition of alanine or 0.5 mM for inhibition of lactate or pyruvate. The kinetic constants of solute uptake by R. leguminosarum strains were determined using various 14 C-labeled-solute concentrations in standard uptake assays. To determine the affect of sodium on solute uptake, transport assays were carried out in sodium-free RMS (10 mM potassium phosphate buffer [pH 7], 1 mM MgSO 4 ). Sodium chloride or lithium chloride was added to a final concentration of 5 mM.
Plant nodulation phenotype. Seeds of Pisum sativum cv. avola were surface sterilized and then added to cotton wool-plugged 250-ml conical flasks containing 230 ml of sterile vermiculite, which was wetted with nitrogen-free rooting solution (34) . The seeds were inoculated with a bacterial culture, and the flask was wrapped with foil to exclude light from the roots. Plants were incubated at 25°C in a grow room with illumination provided by a Philips Sont-Agro grow light. When the shoot reached the cotton wool plug it was pulled through. Four weeks after inoculation, plants were harvested and acetylene reduction was carried out on whole plants as described previously (51) . Sample nodules were removed, surface sterilized in calcium hypochlorite (0.7%), and crushed, and bacteria were streaked on TY. Isolated bacteria were then replica plated and screened for appropriate antibiotic and nutritional markers.
Nucleotide sequence accession number. The sequence of the region of the R. leguminosarum genome containing the mct operon was submitted to the EMBL database under accession no. AJ421944.
RESULTS
Identification of a novel alanine transporter in R. leguminosarum. To identify the pathways of alanine catabolism, an R. leguminosarum Tn5 library (approximately 15,000 mutants) was screened for growth on 20 mM alanine as a sole carbon and nitrogen source. The characterization of one alanine growth mutant with an insertion in dadR, which encodes a regulator of alanine catabolic genes (dadX and dadA), has been reported previously (1) . Another mutant of interest was RU1180, as it formed only small colonies on alanine minimal medium, indicating a decreased growth rate. This mutant also displayed slow growth on pyruvate-ammonia minimal medium, but grew as wild type on glucose-ammonia and succinate-am- monia. To confirm that the alanine growth defect of this mutant is tightly linked to the transposon insertion, the transposon was transduced into wild-type 3841 and eight kanamycinresistant transductants were tested for growth on alanine or glucose as the sole carbon source. These transductants displayed the same slow growth on alanine observed in the original mutant. Mutant RU1180 was characterized by cloning the genome fragment containing the transposon and sequencing the region flanking the transposon insertion. BLAST (3) searches identified similarity to sodium/solute symporters, including the sodium/proline symporter (ecPutP) and sodium/pantothenate symporter (ecPanF) from E. coli (22, 31, 43) . Mutant RU1180 was complemented for growth on alanine by cosmid pRU3147, and direct sequencing of this cosmid confirmed it contained the region of DNA corresponding to the transposon insertion site of RU1180. Further sequence of this region was obtained ( Fig.  1 ) and submitted to the EMBL database under accession number AJ421944. The sequence confirmed that the gene inactivated in RU1180 encodes a putative permease with significant identity to members of the sodium/solute symporter family (T.C. number 2.A.21 [44] ).
To confirm the role of this permease in alanine uptake, the transport properties of the wild type, RU1180 and RU1180 pRU3147 were compared (Fig. 2) . Alanine uptake rates were lower in RU1180 than in wild-type 3841 and enhanced by the cosmid pRU3147. Therefore, this permease is an alanine transporter required for the utilization of alanine as a sole carbon and nitrogen source. This permease was named MctP (for monocarboxylate transport permease protein) as it also transports other monocarboxylates, such as lactate and pyruvate (see below).
Topology prediction software (TopPred 2, HMMTOP, and TMHMM [29, 52, 54] ) indicates MctP is a membrane protein with 13 transmembrane helices, with the N terminus located in the periplasm. This prediction supports the relationship of MctP and the sodium/solute symporters as it is in accordance with the experimentally determined topology of the sodium/ proline transporter of E. coli (25) .
Complementation of mctP mutants. To confirm that the phenotype observed in the mctP mutant (RU1180) can be complemented in trans by mctP, a number of plasmids were constructed and conjugated into RU1180, and growth on minimal media containing alanine or pyruvate and ammonia was determined. A PCR product containing the complete mctP gene and part of the upstream noncoding region was cloned into a broad-host-range vector in both orientations (pRU739 and pRU747). Plasmid pRU739, which contained the PCR product in the same orientation as the lac promoter (p lac ), did restore growth on minimal media containing alanine or pyruvate-ammonia (Table 2) to the rates observed in the wild-type strain. Therefore, the decreased apparent growth rates observed in RU1180 are caused by mutation of mctP. However, pRU747, which contains the same insert in the opposite orientation, failed to complement the mctP mutation (Table 2) . Thus, the region of DNA cloned in pRU747 cannot include an active promoter. Therefore, it is probable that the portion of the mctR-mctP intergenic region that is not located on the cloned PCR product is required for promoter activity. A convenient SalI restriction site is present in the mctS gene. This was utilized to clone a SalI fragment containing mctR, mctP, and the intergenic region between these genes. Growth on alanine or pyruvate and ammonia was enhanced in RU1180 by the presence of plasmids containing this SalI fragment regardless of orientation (pRU785 and pRU788; Table 2 ). Therefore, this fragment contains an active mctP promoter. As the mctS and mctR genes overlap ( Fig. 1) and are probably cotranscribed, it is unlikely that there is a promoter immediately upstream of mctR on the cloned SalI fragment. The presence of an mctP promoter in the mctR-mctP intergenic region was confirmed by the complementation of the alanine and pyruvate-ammonia growth phenotype of RU1180 by a PCR product containing this intergenic region, mctP, and only a small portion of mctR, cloned in both orientations in pRK415 (pRU947 and pRU948) ( Table 2) Amino acid sequence alignments indicate that the orthologues of MctP form a distinct group from the sodium/proline, sodium/pantothenate, and sodium/phenylacetate symporters (Fig. 3) . This new subfamily of permeases is also distinct from other transporters of related MctP solutes, such as the monocarboxylate porter family (e.g., hsMCT1 to -6), the alanine/ glycine/cation symporter family (e.g., ahDagA), the lactate permease family (e.g., ecLctP), and the dicarboxylate/amino acid/ cation symporter family (e.g., rlDctA) (Fig. 3) .
MctSR is a two-component system with putative orthologues in ␣-proteobacteria. Immediately upstream of mctP are two genes (mctS and mctR [for monocarboxylate transporter sensor and regulator, respectively) with homology to the sensor and response-regulator components of bacterial two-component systems (17) . MctS has similarity to histidine protein kinases, including the conserved histidine (His266), asparagine (Asn326), and aspartate (Asp353) residues, which are characteristic of this family of sensor proteins (49) . MctS also has one putative transmembrane helix (amino acid 160 to 182), with the N terminus probably located in the periplasm and, constitutes a hypothetical sensory domain. MctR has similarity to bacterial regulators and contains a helix-turn-helix signature of the LuxR family (Prosite accession number PS00622) from amino acid 164 to 191. These helix-turn-helix signatures are involved in DNA binding (12, 15) . MctR also possesses the conserved amino acids (Asp13, Asp59, and Lys109) associated with regulators of the two-component systems, with Asp59 being the probable site of phosphorylation (49) .
BLAST searches of the completed microbial genome sequences indicated that A. tumefaciens and B. melitensis contain putative MctSR orthologues (accession numbers AAL52763, AAL52764, AAL45956, and AAL45955). These putative orthologues are more than 60% identical to R. leguminosarum MctS and MctR. This is the same level of identity as the A. tumefaciens orthologue has to the B. melitensis orthologue. However, in A. tumefaciens and B. melitensis, no mctP orthologue could be identified. Rather, in both these species, the two-component response regulators are adjacent to transporters of the tripartite ATP-independent periplasmic transporter family (T.C. number 2.A.56) (28, 44) . The relevance of the MctSR orthologues in these organisms and any possible role for the tripartite ATP-independent periplasmic transporters in the uptake of monocarboxylates requires further investigation.
MctS differs from other sensors of two-component systems, including the putative A. tumefaciens and B. melitensis orthologues, as it has only one putative transmembrane domain. Other sensors have an additional membrane-spanning domain at the extreme N terminus (48) . A closer comparison of the R. leguminosarum mctS sequence with that of the putative A. tumefaciens and B. melitensis orthologues reveals significant amino acid similarity upstream of the putative ATG start codon of mctS, but no alternative start codon is present between this ATG and the first upstream stop codon. This possible truncation of mctS in R. leguminosarum could be the result of a single base (adenine) insertion, 136 nucleotides upstream of the ATG start codon. Repeated sequencing of different clones indicates this sequence is authentic.
Inhibition of alanine uptake by competing solutes. As R. leguminosarum3841 has two high-affinity transporters of alanine (i.e., Aap and Bra) (19, 20, 56) , characterization of alanine uptake by the MctP was performed using a previously constructed aap bra double mutant strain (RU1357). To determine the solute specificity of MctP, a number of solutes were tested for inhibition of alanine uptake (Fig. 4) . The known solutes of sodium/solute symporters (i.e., proline and pantothenate) did not inhibit alanine uptake. Therefore, the solute specificity of MctP is distinct from these previously characterized symporters. Uptake of [ 14 C]alanine was only partially inhibited (between 48 and 62% inhibition) by a 10-fold excess of alanine (L-and D-isomers), cysteine, or histidine, while other amino acids tested did not significantly inhibit alanine uptake. In contrast, monocarboxylates (acetate, pyruvate, lactate, propionate, butyrate, and ␣-hydroxybutyrate) were strong inhibitors of alanine uptake (between 77 and 97% inhibition), while dicarboxylates (malonate and succinate) and some C 4 -monocarboxylates (␤-hydroxybutyrate and ␥-hydroxybutyrate) did not inhibit alanine uptake. Therefore, inhibition studies indicate that MctP is a monocarboxylic acid transporter.
Uptake of lactate, pyruvate, and acetate by MctP. Although competitive inhibition of solute uptake can indicate which solutes may be transported by a permease, not all competitive inhibitors are transported. Therefore, to confirm that MctP is indeed a transporter of monocarboxylates, uptake of lactate, pyruvate, and acetate was measured in wild-type and mctP mutant strains. Mutation of mctP (RU1180) reduced the rate of uptake of lactate and pyruvate by 95% relative to wild-type 3841 ( Fig. 5A and C) . Furthermore, plasmids that complemented the growth phenotype of RU1180, also restored lactate and pyruvate uptake rates in this mutant to at least the rates observed in wild type 3841 (Fig. 5A and C) . Therefore, MctP transports lactate and pyruvate, and is the dominant transporter of these solutes in free-living R. leguminosarum.
In contrast, mutation of mctP did not affect the rate of acetate uptake by free-living R. leguminosarum. 
The mct gene is under the control of the lac promoter, which is constitutive in R. leguminosarum. Thus, no IPTG was required to induce the expression of the cloned genes.
b There was no discernible difference between growth of strains on minimal medium with alanine (20 mM) or pyruvate (20 mM) and ammonium chloride (10 mM). Symbols: Ϯ, negligible growth; ϩ, positive for growth; ϩϩϩ, strongly positive for growth. ND, not determined.
but the unidentified acetate permease prevents this being detected in whole-cell assays.
The apparent affinity of MctP for lactate and pyruvate is higher than that for alanine, as alanine did not inhibit uptake of either of these solutes (Fig. 5B and D) . Indeed, other than pyruvate, no solute tested inhibited the uptake of [
14 C]pyruvate (Fig. 5D) . Therefore, of the solutes tested, MctP has the greatest apparent affinity for pyruvate. Further competition assays indicated that uptake of lactate is inhibited by pyruvate and propionate (95 and 78% inhibition, respectively) but only partially by butyrate (38% inhibition). Other C 4 -monocarboxylates (including ␣-hydroxybutyrate), C 2 -monocarboxylates (acetate), and dicarboxylates (C 3 and C 4 ) did not inhibit lactate uptake (Fig. 5B) . Therefore, MctP has a preference for C 3 -monocarboxylates, with the following apparent relative affinity order (greatest to least): pyruvate, lactate, propionate, butyrate, ␣-hydroxybutyrate, alanine (acetate).
Kinetics of solute uptake by MctP. As R. leguminosarum 3841 has two high-affinity transporters of alanine (Aap and Bra), the kinetics of alanine uptake by MctP were determined FIG. 3 . Phylogenetic tree indicating the relationship between rlMctP and related permeases. A phylogenetic tree was constructed from the amino acid sequences of rlMctP and a number of related transporters using Vector NTI Suite (version 6), which uses the ClustalW algorithm, and Treeview (version 1.6.1). Protein designations and accession numbers are as follows: scCAB94614, S. coelicolor A3 putative permease (CAB94614); Ta0300, T. acidophilum conserved hypothetical protein (CAC11445); ST0635, S. tokodaii conserved hypothetical protein (BAB65633); ssC02007, S. solfataricus conserved hypothetical protein c02007 (CAA69485); bsYodF, B. subtilis YodF (C69903); TVN0146, T. volcanium proline permease (BAB59289); TVN1300, T. volcanium Na ϩ /pantothenate symporter; bsYhjB, B. subtilis metabolite permease (B69833); bcYhjB-like, B. cereus YhjB-like protein (AF387344); ecPanF, E. coli Na ϩ /pantothenate symporter (P16256); hiPanF, Haemophilus influenzae Rd Na ϩ /pantothenate symporter (P44963); ecPutP, E. coli Na ϩ /proline symporter (P07117); hiPutP, H. influenzae Rd Na ϩ /proline symporter (P45174); bsOpuE, B. subtilis osmoregulated Na ϩ /proline symporter (O06493); ppPpa, P. aeruginosa phenylacetic acid transporter (CAA94864); hsMCT1 to -6, human monocarboxylic acid transporters 1 to 6 (P53985, AF049608, O15427, O15374, O15375, and O15403); ssc01003, S. solfataricus orf c01003 (CAA69453); rlDctA, R. leguminosarum C 4 -dicarboxylate transporter (Q01857); rmDctA, S. meliloti C 4 -dicarboxylate transporter (P20672); ecDctA, E. coli C 4 -dicarboxylate transporter (P37312); ps3Acp, thermophilic bacterium PS3 alanine carrier protein (D12512); ahDagA, Alteromonas haloplanktis D-alanine/glycine permease (M59081); ssLctP, S. solfataricus L-lactate permease (CAA69452); bsLctP, B. subtilis L-lactate permease (BAA21776); ecLctP, E. coli L-lactate permease (AAC76627); hiLctP, H. influenzae Rd L-lactate permease (AAC22871).
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using the aap bra mutant RU1357. Preliminary experiments using cells grown in minimal media containing glucose and ammonia gave low alanine uptake rates at the concentrations tested. Therefore, RU1357 was grown on alanine minimal medium, as this increased the rate of transport (data not shown).
Although the rate of alanine uptake was also increased in strain RU1180 by growth on alanine (Fig. 2) , this can be attributed to up-regulation of aap or bra expression on the basis of specificity and K m values (data not shown). The kinetic constants obtained indicate that MctP has a low affinity for alanine (K m ϭ 0.56 Ϯ 0.16 mM), but the V max for alanine uptake is high (122 Ϯ 15 nmol of alanine mg of protein Ϫ1 min Ϫ1 ). At high lactate concentrations, an unidentified lactate permease, which was induced by growth on alanine, became apparent (data not shown). To overcome this, apparent kinetic constants were determined by subtracting uptake rates obtained from RU1180 from those for wild-type 3841, with each strain grown on glucose and ammonia minimal media. MctP has an apparent K m for lactate uptake of 4.4 Ϯ 0.7 M (V max ϭ 22.4 Ϯ 1.01 nmol of lactate mg of protein Ϫ1 min Ϫ1 ), while the lactate permease retained in the mctP mutant, RU1180, has a K m of 38.1 Ϯ 7.3 M lactate (V max ϭ 8.5 Ϯ 0.7 nmol of lactate mg of protein Ϫ1 min Ϫ1 ). As the characterization of pyruvate uptake had indicated that the uptake of pyruvate is entirely dependent on MctP when R. leguminosarum 3841 is grown on glucose and ammonia, this strain and growth conditions were used for kinetic analysis of pyruvate uptake. The K m for pyruvate uptake by MctP is 3.8 Ϯ 1.1 M, and the V max is 9.8 Ϯ 1.0 nmol of pyruvate mg of protein Ϫ1 min Ϫ1 . The K m values obtained for lactate and pyruvate are more than 100-fold lower than that for alanine. Therefore, MctP is a high-affinity transporter of lactate and pyruvate but a lowaffinity transporter of alanine. Although the V max values obtained for lactate and pyruvate are significantly lower than that for alanine, this reflects the different growth conditions used (i.e., glucose and ammonia rather than alanine).
Sodium concentration does not affect solute uptake by MctP. As MctP has significant similarity to sodium/solute symporters, the affect of sodium on transport by MctP was investigated. Lactate and succinate were selected as representative solutes transported by MctP and DctA (a proton-coupled dicarboxylate transporter [6, 23, 50] ), respectively, and the uptake of these solutes by strain 3841 was determined in sodiumfree transport buffer (RMS) with and without the addition of sodium or lithium. The addition of sodium or lithium had no affect on the uptake of either lactate or succinate (Fig. 6) .
However, there is, to our knowledge, no characterized sodium-dependent transporter in Rhizobium spp. which can be used as a control. Therefore, two glutamate transporters of E. coli, GltS (a sodium-coupled permease [9] ) and GltP (a proton-coupled permease [9, 55] ), were used as controls to confirm that R. leguminosarum is able to use sodium ions as a source of energy for transport. Also, it is notoriously difficult to remove sodium from assay buffers. Therefore, GltS was also a control of the experimental conditions. GltS and GltP were expressed in R. leguminosarum RU1357 (aap bra) under the control of the aapJ promoter, and glutamate uptake was determined with or without the addition of sodium. Uptake of glutamate by GltS was increased fivefold by the addition of sodium, whereas, the rate of glutamate uptake by GltP was not altered by sodium concentration (Fig. 6) . Hence, the maximum rate of glutamate uptake by GltS is dependent on the addition of sodium, so the level of any contaminating sodium in the   FIG. 4 . Inhibition of alanine uptake by other solutes. Uptake of 500
14 C]alanine by RU1357, grown on minimal medium (AMS) with alanine (20 mM), was assayed by the rapid filtration method. Competing solutes were added to a final concentration of 5 mM. Data shown are the means of at least three independent experiments. Abbreviations: AIB, 2-aminoisobutyric acid; HB, hydroxybutyrate.
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MONOCARBOXYLATE PERMEASE OF R. LEGUMINOSARUM 5443 sodium-free assay buffer is not sufficient to mask the sodium dependence of this permease. Therefore, although known sodium-coupled transporters can function in R. leguminosarum, uptake by MctP is not apparently influenced by sodium concentration. However, a caveat is that if MctP were to use sodium with much higher affinity than GltS, our experiments may not have detected sodium dependence. The transport of solutes by MctP does require metabolic energy, as lactate uptake was inhibited 97% by 5 M carbonylcyanide m-chlorophenylhydrazone (CCCP). While this is consistent with proton dependence, sodium-dependent transporters (for example, GltS) are also inhibited by CCCP (9) . At present we conclude there is no evidence for sodium as opposed to proton coupling, but absolute proof is difficult to acquire in studies with whole cells.
Symbiotic phenotype of mctP mutants. Strain RU1180 formed normal red nodules on peas, and the plants were healthy and green. Plants inoculated with the wild type versus As with RU1180, the mctP::GeneJumper mutant (RU1581) can be complemented for growth by plasmids containing mctP and the mctR-mctP intergenic region ( Table 2 ). The mctS::GeneJumper and mctR::GeneJumper mutants (RU1580 and RU1582, respectively) can be complemented by plasmids which contain mctSR (pRU952 and pRU974) ( Table 2) . However, RU1580 cannot be complemented by mctS alone, and complementation of mctR mutants requires the gene to be expressed with p lac (Table 2 ). This can be explained by mctS and mctR being transcriptionally linked, with insertion mutations of mctS having a polar affect on mctR expression and no promoter being present immediately upstream of mctR.
The mctR-mctP intergenic region, which contains the putative mctP promoter (p mctP ), was amplified by PCR and cloned by Gateway technology into the transcription reporter vector pOT3gfpϩ (pRU923). Promoter activity (p mctP ) could not be detected in mctS or mctR mutant strains but was detected in wild-type and mctP mutant strains (Fig. 7A) . Therefore, the MctSR two-component sensor-regulator is an essential activator of mctP expression and mctP is not involved in self-regulation.
To determine the affect of solutes on mctP expression, wildtype 3841 containing the p mctP reporter plasmid was grown under different growth conditions. Approximately twofoldlower p mctP activity was recorded when succinate, rather than glucose, was present as a carbon source. However, there was no increase in mctP expression in response to alanine, pyruvate, or lactate in the growth media (Fig. 7B) . Therefore, although MctSR is an activator of mctP, no environmental signal for this regulator has yet been identified. Indeed, mctP is expressed at high levels in both nutrient-rich medium (TY) and minimal medium (AMA) containing only glucose and ammonia as carbon and nitrogen sources, indicating that mctP expression is constitutive. The mctP reporter vector, pRU922, was conjugated into two other wild-type strains of R. leguminosarum (A34 and VF39), which are distinct from 3841. As in 3841, the fluorescence derived from the mctP-gfp fusion was high on TY and minimal media with glucose and ammonia, indicating the constitutive expression of mctP is not strain dependent.
DISCUSSION
The data presented here indicate that the MctP of R. leguminosarum is a novel monocarboxylate transporter. This permease has a low affinity for alanine (K m ϭ 560 M) but a higher affinity for lactate and pyruvate (K m ϭ 4.4 M and 3.8 M, respectively). Uptake inhibition studies indicate that acetate, propionate, butyrate, and ␣-hydroxybutyrate are also solutes transported by MctP, with the apparent affinity indicating a preference for C 3 (32) . However, the data suggest MctP transports a broad range of monocarboxylates, including 2-hydroxymonocarboxylates (lactate and ␣-hydroxybutyrate), 2-aminomonocarboxylates (alanine), and 2-ketomonocarboxylates (pyruvate), in addition to FIG. 6 . Affect of sodium concentration on solute uptake. Uptake of
14 C]glutamic acid was assayed by the rapid filtration method for R. leguminosarum strains 3841, RU1632 (RU1357 pRU976),or RU1633 (RU1357 pRU986) grown in minimal medium (AMS) with added succinate (10 mM) plus ammonium chloride (10 mM). Uptake assays were performed in sodium-free RMS with no additions (black columns), with added NaCl (5 mM) (white columns), or with added LiCl (5 mM) (grey columns). Data shown are the means of at least three independent experiments. nd, not determined. (42, 44) , the LctP family (T.C. number 2.A.14) (32, 44) , and the proton-linked monocarboxylate porter family (T.C. number 2.A.1.13) (14, 44) (Fig.   3 ). However, MctP does have significant similarity to the sodium/solute symporter family (42) . In accordance with this, in silico predictions indicate MctP is a protein with 13 transmembrane helices, the same number demonstrated experimentally for E. coli PutP (sodium/proline symporter), the best-characterized member of this family (25) . Other bacterial members of this family include the sodium/pantothenate symporter from E. coli, the sodium/phenylacetate symporter from Pseudomonas putida, and the sodium/glucose symporter from Vibrio parahaemolyticus (22, 45, 46) . Therefore, the solutes transported by permeases of this family are diverse.
Although similar to members of the sodium/solute symporter family, the putative MctP orthologues form a distinct group from the previously characterized sodium/solute symporters (Fig. 3) . Also, we were unable to demonstrate any dependence on sodium for transport of solutes by MctP. However, as it is difficult to ensure that transport buffers are truly sodium free, it is possible that small levels of sodium present in the assay buffers were sufficient to allow transport to proceed if MctP has a high affinity for sodium. Uptake was inhibited by CCCP (5 to 10 M), indicating that transport by MctP requires metabolic energy and may be proton linked, as it is with the monocarboxylate porter family (14) . Although the previously characterized members of the sodium/solute symporter family use sodium under physiological conditions, it has been demonstrated that the human Na ϩ /glucose transporter can utilize H ϩ , although the affinity for glucose was 10-fold lower than when Na ϩ was used (40) . Therefore, it is not surprising that MctP may act as a proton symporter, although this requires confirmation.
Putative MctP orthologues have been identified in a wide taxonomic range of prokaryotes (Fig. 3) , and two species (B. subtilis and T. volcanium) have two putative MctP-like paralogues. It is noteworthy that a gene encoding a putative MctP orthologue in B. cereus (YhjB-like protein) is adjacent to the alanine spore germination operon, gerL (4). It is possible that this permease is required for the uptake of alanine during outgrowth from endospores and therefore has a similar specificity to MctP. Two-component systems are a well-established mechanism for signal transduction in bacteria (17) . The sensor component senses an environmental signal and, through a phosphorylation reaction, transmits this signal to the response regulator. Many of the response regulators of this family act by binding to a promoter and activate or repress gene expression (17) . Specific two-component sensor regulators are known to activate expression of dicarboxylate and tricarboxylate transporter genes (23) . For example, the DctBD two-component system activates expression of dctA in R. leguminosarum (41) , and CitST activates citM expression in B. subtilis (60) . The data presented indicate the MctSR two-component system of R. leguminosarum is required for activation of the monocarboxylate transporter gene mctP. sulted from a single nucleotide insertion upstream of the apparent start codon, leading to a truncation of the protein and loss of the N terminus transmembrane domain. The consistency of repeated sequencing reactions indicates the authenticity of this apparent nucleotide insertion. It is possible that the loss of the N-terminal transmembrane region has resulted in the sensor being inactivated in such a way as to constitutively activate the regulator, which in turn activates expression of MctP. The expression of the p mctP -gfp fusion (pRU922) was the same in R. leguminosarum strains A34 and VF39. This suggests that R. leguminosarum has adapted the regulation of mctP to allow constitutive expression and that the putative truncation observed in 3841 is not a specific mutation of this strain.
MctP is not required for R. leguminosarum to form symbiotic nodules and fix atmospheric nitrogen, which is consistent with the lack of putative orthologues in the genomes of sequenced rhizobia (i.e., S. meliloti and M. loti) (13, 26) . However, MctP is required for optimal growth of free-living R. leguminosarum on alanine or pyruvate and ammonia. Furthermore, the characterization of MctP has resulted in the identification of a new subfamily of C 3 -monocarboxylate transporters in bacteria.
